Based on the compositional dependence on the conduction band discontinuity, a significant heterojunction bipolar transistor ͑HBT͒ with a continuous conduction band heterointerface between the InP emitter and the In 0.53 Ga 0.25 Al 0.22 As base is fabricated. Experimentally, due to the elimination of the potential spike, a very low offset voltage of 50 mV is observed. Also, the studied device exhibits better breakdown characteristics and lower output conductance as compared with other InP/InGaAs or AlInAs/InGaAs HBTs. Furthermore, attributed to the enhancement of the hole confinement by an inserted ␦-doped sheet at the emitter-base interface, a dramatic current gain about 4 is found even under an ultralow current operation regime (I C р5 nA͒. © 1999 American Institute of Physics. ͓S0003-6951͑99͒00530-6͔
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Over the past decade, InP-based heterojunction bipolar transistors ͑HBTs͒ have become promising candidates for high-speed low-power integrated circuits, microwave circuits, and long-wavelength optoelectronics applications. 1 Both InP/InGaAs and AlInAs/InGaAs HBTs take advantage of high electron mobility and high electron drift velocity to exhibit excellent high-speed performances. 2 However, these HBTs with InGaAs collector structure have lower breakdown voltage and higher output conductance as compared with GaAs-based HBTs. This limits the applications of InPbased HBTs to power amplification and high accuracy analog integrated circuits such as analog to digital ͑A/D͒ or digital to analog ͑D/A͒ converters. The double HBT can be used to improve the low breakdown voltage and high output conductance performances by replacing InGaAs with either InP or AlInAs layers in the collector region. Nevertheless, the conduction band discontinuity at the base-collector ͑BC͒ interface results in a current-blocking effect. This increases the saturation voltage and causes a gain in compression at a lower current density. 3 In this work, a new In 0.53 Ga 0.25 Al 0.22 As/InP HBT is fabricated and demonstrated. Based on the lattice matched to InP substrate, the quaternary In 1ϪxϪy Ga x Al y As alloy (xϩyϭ0.47) has an outstanding material property of the variable band lineup depending on the alloy composition. From the staggered lineup Al 0.43 In 0.52 As/InP heterojunction to the straddling lineup In 0.53 Ga 0.47 As/InP heterojunction, a nearly continuous conduction band ͑CCB͒ heterostructure is formed when adjusting the Al composition to 0.22. Therefore, the InP and In 0.53 Ga 0.25 Al 0.22 As alloys are employed as the emitter and the base materials, respectively, in the studied device. The common-emitter offset voltage can be significantly reduced by the elimination of the potential spike at the conventional emitter-base ͑EB͒ heterointerface associated with the proposed CCB structure. 4 Because the impact ionization rate of the In 0.53 Ga 0.25 Al 0.22 As collector is lower than that of the InGaAs collector, a higher breakdown voltage and lower output conductance can be obtained simultaneously. Furthermore, in order to increase the current gain, a ␦-doped sheet is also inserted at the EB interface to enhance the hole confinement effect. 5 The studied device was grown by a metalorganic chemical vapor deposition system on a ͑100͒ oriented semiinsulated InP substrate. The group III source materials were trimethylgallium and trimethylindium and the group V source materials were AsH 3 and PH 3 . Silane (SiH 4 ) and dimethylzinc were used as the n-and p-type dopants, respectively. The epitaxial layers consisted of a 0. 3 As cap layer was grown on the top surface for the ohmic contacts. After epitaxial growth, conventional photolithography, vacuum evaporation, and chemical wet selective etching processes were used to fabricate the mesa-type devices. The emitter and collector contacts were formed by evaporating AuGe alloys, while AuZn metals were used as base contacts. The emitter area of the studied device is 60ϫ60 m 2 . Figure 1 illustrates the calculated energy band diagrams at the thermal equilibrium. The conduction band discontinuity ⌬E C of In 0.53 Ga 0.25 Al 0.22 As/InP material system is compositional dependence as reported by Bohrer et al. 6 The variation of ⌬E C determined by Al mole fraction y can be described by Fig. 1 , by inserting a ␦-doped sheet at the EB interface, the energy band bends abruptly. Obviously, compared with the device without a ␦-doped sheet at the EB interface as depicted by dashed lines in Fig. 1 , the studied device can provide stronger hole confinement and then increase the current gain.
The common-emitter current-voltage ͑I-V͒ characteristics at a medium current regime are shown in Fig. 2͑a͒ . Experimentally, the studied device exhibits a very low offset voltage of 50 mV. This indicates that the potential spike has been eliminated completely by use of the CCB structure in the studied device. Also, the observed current gain is about 75 at a collector current I C of 10 mA. On the other hand, as illustrated in Fig. 2͑a͒ , the flat I-V curves demonstrate a low output conductance which corresponds to a relatively high early voltage of 34 V. The common-emitter breakdown voltage BV CEO , defined at I C ϭ100 A, is 5.2 V. The value is superior to either conventional InP/InGaAs or AlInAs/ InGaAs HBTs.
9 Figure 2͑b͒ shows the common-emitter I-V characteristics at an ultralow current regime. At such low current levels, the noise and the leakage current resulting from environments are obviously observed. Nevertheless, a significant current gain about 4 is obtained at a collector current of 5 nA (8ϫ10 Ϫ6 A/cm 2 ). This implies that the studied device can be operated under a very wide current regime and is suitable for a low-power system, e.g., portable wireless communications, moderate power digital circuits, and A/D or D/A converters, applications. Figure 3 illustrates the Gummel plots of the studied device under the applied collector-base voltage V CB of 0 V. The ideality factors for the collector n C and the base current n B are 1.11 and 1.36, respectively. Then n B value clarifies that the bulk base recombination dominates the base current until the relatively large SCR and surface recombination are obvious at a very low current regime. Hence, the existence of current gain and transistor action can be observed at this regime as shown in Fig. 2͑b͒ .
In conclusion, a significant CCB heterointerface can be achieved by using the compositional variation on ⌬E C of   FIG. 2 . The common-emitter current-voltage ͑I-V͒ characteristics at the ͑a͒ medium and ͑b͒ ultralow current regime, respectively. the In 1ϪxϪy Ga x Al y As/InP material system. A new In 0.53 Ga 0.25 Al 0.22 As/InP HBT has been fabricated based on this technique. The dc characteristics exhibit good performances of lower offset voltage, higher breakdown voltage, and lower output conductance. Furthermore, a current gain about 4 is obtained at an ultralow current regime (I C р5 nA͒. This proves that the studied device can be operated under a very wide current regime and is applicable for various circuit applications.
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